For this study, four kinds of DLC films were prepared using the ionized evaporation method. The substrate voltage was controlled, from 1 to 3 kV. Three kinds of films were prepared with benzene, and one with cyclohexane as the source gas. The DLC structure could be controlled using these parameters. This is related to hardness and optical properties. Various types of DLC films, which were used in round-robin testing for standardization were also analyzed in this study. These DLC films were deposited on Si substrates using the ionized evaporation method, the sputtering method, the arc method, and the plasma CVD method. The hardness of DLC films was determined using the nano-indentation technique. The refractive index and the extinction coefficient of DLC films were evaluated using a spectroscopic ellipsometer. The refractive index of tetrahedral amorphous carbon (ta-C) was found to be relatively high, from 2.50 to 2.74, whereas the extinction coefficient was low, from 0.04 to 0.50. For hydrogenated tetrahedral amorphous carbon (ta-C:H), the refractive index was lower than ta-C. Hydrogenated amorphous carbon (a-C:H) showed its own unique extinction coefficient and refractive index range, as did amorphous carbon (a-C). The refractive index was found to be proportional to the hardness of DLC films. The refractive index and the extinction coefficient were different depending on the kind of DLC, which were in turn related to the deposition method and DLC structure. Using optical properties, such as the refractive index and the extinction coefficient, we can distinguish the type of DLC film.
Introduction
Diamond-like carbon (DLC) films have an amorphous structure, containing both sp 2 and sp 3 bonded carbon, and some types of DLC also contain hydrogen (1) . DLC films are used nowadays in various applications such as a protective coating against wear or corrosion, in automotive parts and recently its use is more and more apparent in particular biomedical applications (2) (3) . J. Robertson proposed a ternary phase diagram based on sp 2 , sp 3 and hydrogen content to classify types of DLC (1) . Recently, DLC is divided into types, and each type is used separately according to its appropriate application. For this reason, we need a more quantified phase diagram with higher accuracy and easy analysis methods for the classification of DLC films. For industrial applications, hardness is used as a standard for quality control. However, optical constants are not commonly used. In recent years, a number of research reports have been published on the subject of the relationship between DLC structure and optical constants (4)(5) (6) . In this study, DLC film was produced using the ion evaporation method, and the optical properties and hardness were measured. Other structural analyses were also performed, and these were compared with the optical properties to examine the cause and effect relationship to DLC structures. We also collected samples of all the different types of DLC used in industry, measured the optical properties and hardness, and compared the results. We studied the correlation between mechanical properties and optical properties of DLC films using spectroscopic ellipsometry (SE). In this study it was found that the optical properties of DLC are related to hardness and deposition method.
Experimental
2.1 DLC films using ionized evaporation method DLC films were prepared on Si substrate using the ionized evaporation method. Figure 1 shows a schematic diagram of the experimental apparatus which basically consists of a substrate, an internal cathode, filament and an anode arrangement. The evacuation system consists of a turbo molecular pump (TMP) for the main evacuation of the chamber, as well as a rotary pump (RP) as a back-up system for the TMP. The DLC film was produced by ion beam evaporation process in a high-vacuum environment. During the coating process, benzene or cyclohexane gas was disassociated and ionized by the plasma discharge. The resulting positively charged ions were attracted to the negatively biased substrate. Table 1 shows the processing parameters. In this study, the substrate voltage and source gas were controlled for DLC deposition. The voltage was selected between 1 and 3 kV, and benzene at a deposition pressure of 0.07 Pa or cyclohexane at a deposition pressure of 0.09 Pa were used as source gases. The constant parameters were the filament current, anode current, gas flow ratio, and substrate material.
Table 1 Processing parameters
The refractive index and the extinction coefficient of DLC films were analyzed using a spectroscopic ellipsometer (Auto SE: HORIBA Scientific). SE is an optical technique mainly used to determine film thickness and optical constants (refractive index; n, and extinction coefficient; k) for structures composed of a single layer or multi-layers. SE is based on the measurement of polarized light. It is non-destructive and requires no sample preparation, making it ideal to test DLC coated material. The technique is very sensitive, providing film thickness with angstrom resolution.
The data, ψ and ∆, were generated by equation (1);
The complex reflection coefficients R p and R s are light polarized parallel and perpendicular to the plane of incidence, respectively (7) . The sample for measurement was placed on the stand, and set in place to be irradiated by the light. The stand height was adjusted to allow the strongest possible signal detection. The optical properties specified for the measurement conditions were a wavelength from 450 nm to 950 nm, an angle of incidence of 70 degrees, and a spot size of 500 µm
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. The measurement recipe was executed, and the experimental data were analyzed using an optical model for DLC films. Figure 2 shows the two optical models used in this experiment. Optical model 1, as shown in Fig 2 (a) , was used when the DLC exhibited transparency, meaning the light reached the Si substrate. The dielectric function from Ref. (8) was used for the substrate optical model of Si (8) .
For the 1st layer of DLC film, the Tauc-Lorentz dispersion formula was used. The thin film 2nd layer showed surface roughness as a mixture of DLC and voids using the effective medium approximation (EMA) model (9) (10) . Using Bruggeman's symmetrical theory, if the void is assumed to be 50％, the analysis parameter is reduced, and the thickness of the surface roughness can be calculated (10) .
Optical model 2, as shown in Fig. 2 (b) , was used when the DLC did not exhibit transparency, meaning the light did not reach the Si substrate. The substrate model of Si was removed. To apply the optical model properly, DLC was used as a substrate model for the calculations. The surface roughness layer was analyzed using EMA for the thin film 1st layer. Source Gas C6H6 , C6H12 gas
The hardness of the DLC films prepared on the Si substrate was evaluated by the nanoindentation method. In this method, the projected area (A p ) is measured. The indentation hardness, H IT , is determined using the measured A p and the maximum load (F max ). H IT is defined as the mean contact pressure and is given by equation (2) (11) ;
The testing atmosphere was air at room temperature; it was controlled at 25±2 degrees Celsius. Indentations were performed using a maximum load of 1mN, loading rate of 2 mN per min and using a Berkovich diamond tip.
The purpose of X-ray reflectivity (XRR) is to determine mass density of the DLC films. A rotating anode X-ray generator with Cu target, operated at 9 kW (45 kV, 200 mA), was used as an X-ray source (12) .
The purpose of Hydrogen Forward Scattering Spectrometry (HFS) is to determine the hydrogen contents of the DLC films on Si substrate. In an HFS measurement, a detector is placed 30 degrees from the forward trajectory of the incident He ++ ion beam and the sample is rotated so that the incident beam strikes the surfaces 75 degree from normal. Hydrogen contents are determined by comparing the number of hydrogen counts obtained from reference samples (13) .
Raman spectroscopy is a standard analysis method for the characterization of amorphous carbons. DLC films were measured with visible raman spectroscopy using a YAG laser at 532 nm with an output power of 50 mW, and measurement wavelength was from 800 to 2000 cm -1 . The spectrum of DLC films shows a relatively sharp peak at approximately 1550 cm -1 and a shoulder at approximately 1380 cm -1 , commonly referred to as the G-band and D-band, respectively (14) . Both peaks of G-band and D-band are associated with sp 2 graphite carbon and sp 2 disordered graphite carbon, respectively.
Preparation of DLC films using different types of deposition methods
The different types of DLC were supplied by the Japan New Diamond Forum (JNDF). For the round-robin tests of DLC standardization from 2009 to 2011, the JNDF acquired 46 types of DLC samples from within Japan, and from international sources. The samples were taken from a broad range of industries, including DLC coating manufacturers and various applications. All of the 46 DLC samples were deposited on a Si substrate, but with different deposition methods. The deposition methods used were; ionized evaporation method (IE), sputtering method (SP), arc method (ARC), and plasma CVD method (PCVD). For these samples, the hardness of DLC films was also determined using the nano-indentation technique, and the refractive index and extinction coefficient of DLC films were analyzed using SE. Figure 3 shows the measured data and the calculated curve from the optical model. When analyzing the results of the spectroscopic ellipsometery, optical models were used. Optical model 1 was used for both samples 1, 2 and 4 as shown Fig. 3 (a), (b) and (d). Optical model 2 was used for sample 3 as shown Fig. 3 (c) . For Sample 3 only, the light of the spectroscopic ellipsometery did not penetrate the film to the substrate. Optical model 2 does not include the Si substrate, so this optical model was used. Figure 4 shows the n and k values we calculated were distinctly different for each sample. For samples produced using benzene, Fig. 4 (a) shows the decrease in refractive index, and increase in extinction coefficient with a wavelength of 550nm. For sample 4, made with cyclohexane, Fig. 4 (a) shows the refractive index does not follow the same pattern as sample 2. Table 2 The analysis results of DLC samples prepared by the ionized evaporation method Table 2 shows the analysis results of DLC samples prepared by the ionized evaporation method. XRR results showed that the density of the DLC coating using the ionized evaporation method was from 2.09 to 2.30 g/cm 3 . The HFS analysis results showed that the hydrogen content of the DLC films were from 20.5 to 25 atomic %. At 2kV, the hydrogen content of sample 4 using cyclohexene gas increased compared to the hydrogen content of sample 2 using benzene gas at the same voltage. By increasing substrate voltage, the hydrogen content of DLC films decreased. This is because increasing carbon ion impact removes the hydrogen. Raman spectra were similar in shape in the case of DLC sample 2 and 4.
Results and Discussion

Analysis results of DLC films using the ionized evaporation method
Using the ionized evaporation method, the substrate voltage can be controlled. This makes it possible to control the carbon ion impact. The results listed in Table 2 show that as the voltage is increased from 1 to 3 kV, the hardness decreases. For DLC produced using the ionized evaporation method, when the substrate voltage is increased, there is a proportional decrease in coating density and refractive index, and an increase in extinction coefficient. The thickness and thickness of surface roughness which were calculated from the spectroscopic ellipsometry results are listed in Table 2 . The thickness of sample 3 could not be calculated because the film layer was not transparent. This is related to the effect of the energy of the carbon ion impact. When the substrate voltage is raised over 1kV, the energy of the ion impact increases. The energy of the ion impact becomes large enough to transform the bonding of carbon from sp 3 to sp 2 . As a result, the sp 3 content decreases, the sp 2 content from the graphitic structure increases, and the π-electrons increase. Ref. (14) has shown that the ion impact energy per carbon atom, and the maximum amount of sp 3 content in DLC films peak at approximately 100 eV, and sp 3 content decreases above and below 100 eV (15) . At substrate voltage 1kV, the hardness is 32GPa, the refractive index is 2.43 at a wavelength of 550nm, the extinction coefficient is 0.33, and the density is 2.30 g/cm 3 . Since the density and hardness of the DLC decreases as the voltage is raised over 1kV, it can be inferred that the carbon ion impact energy increases over 100 eV after that point. This shows that for sample 1 at 1kV, the carbon ion impact energy must be close to 100 eV in this experiment. The ability of spectroscopic ellipsometry to distinguish the C-C bonded sp 3 from C-H bonded sp 3 also became apparent in this study. Looking at the results of sample 2 using benzene and sample 4 using cyclohexane, the hardness and density both show a decrease from sample 2 to sample 4. Also, refractive index is different for these samples at 2kV. However, the extinction coefficient is almost the same for these samples. When the source gas is changed from benzene to cyclohexane, the hydrogen content in the DLC films increases, even if the substrate voltage is kept the same. The height intensity ratios (I D /I G ) using visible raman spectroscopy of sample 2 and 4 were both 0.90 in (14) . It also follows that the increasing of the extinction coefficient is related to the increase in sp 2 bonds from graphite structure. A higher amount of C-C sp 3 bonds would result in higher density and hardness (16) . When the hydrogen content increases by changing the source gas from benzene to cyclohexane, the C-C bonded sp 3 structure is thought to yield to C-H bonded sp 3 structure (17) . Since the refractive index measurements also decrease with the hardness and density from sample 2 to sample 4, the refractive index n is thought to be indicative of the C-C bonded sp 3 content, whereas visible raman spectroscopy can only distinguish the overall sp 3 content. Figure 5 shows examples of the results for the refractive index and extinction coefficient of the two types of DLC films. In Fig. 5 , it is found that there is a distinct difference in the refractive index and the extinction coefficient curves produced from the measurement. Each type of coating shows a distinct pattern, making it possible to classify the types of DLC used in this analysis. Table 3 shows the kinds of samples used for the experiment, indentation hardness and the values for the refractive index and the extinction coefficient which were measured at a wavelength of 550 nm. For the refractive index, the extinction coefficient and the hardness, the average values and the standard deviation (σ) are shown. The minimum and maximum values are also shown. As shown in Table 3 , the resulting values of the refractive index of tetrahedral amorphous carbon (ta-C) were from 2.50 to 2.74, and the extinction coefficient was from 0.04 to 0.50. The refractive index of hydrogenated tetrahedral amorphous carbon (ta-C:H) was from 2.00 to 2.44, and the extinction coefficient was from 0.29 to 0.53. The refractive index of hydrogenated amorphous carbon (a-C:H) was from 2.00 to 2.31, and the extinction coefficient was from 0.08 to 0.22, and from 0.61 to 0.75. The resulting values of the refractive index of amorphous carbon (a-C) were from 2.10 to 2.40, and the extinction coefficient was from 0.60 to 0.80. These results show that there are distinct differences in the optical properties for the different kinds of DLC.
Optical properties and hardness of each type of DLC film
（a）
(b) Figure 5 The resulting values of the refractive index and extinction coefficient of (a) ta-C, (b) a-C films
The samples of ta-C:H include sample 1, 2, and 4 prepared using the ionized evaporation method. The samples of a-C:H include sample 3 prepared using the ionized evaporation method. Figure 6 shows the n-k plot of the 46 DLC samples received from the JNDF, as well as samples 1 to 4. In Fig. 7 and Fig. 8 , the plots of all of the data for each type of DLC not only show the minimum and maximum values, but also the whole area which can be attributed to the particular type of DLC. These plots were created with the purpose of classifying each type of DLC, and defining its applicable area on the graph. From the plot, ta-C samples show a high refractive index and low extinction coefficient. ta-C:H samples lie in the center of the plot, with a mid-range refractive index and extinction coefficient. In this way, the various types of DLC coatings can be distinguished. hydrogen content. In this study, the correlation between mechanical properties and optical properties of DLC films was examined. With the results of this study, the applicability of a new, expanded classification method can be considered.
Comparisons can be drawn between C-C sp 3 and sp 2 structure, and the properties examined in this study. For example, when the C-C sp 3 content is high, and the hydrogen content is low, the refractive index and hardness become high for ta-C. Also, with the low amount of π-electrons from the graphitic structure, the extinction coefficient also becomes low (18) . Using the refractive index and extinction coefficient, ta-C can be clearly distinguished from other types of DLC. Conversely, a-C and Graphite-like carbon have no hydrogen content, and the C-C sp 3 content is low, and the sp 2 content from the graphitic structure is high. Since the number of π-electrons from the graphitic structure increases and results in a black color, the extinction coefficient becomes high, and the refractive index becomes low.
Looking at a-C:H-1, when the energy of the ion impact increases, the sp 2 content from olefenic chains (19) and the C-C sp 3 content may decrease, and overlap the a-C on the n-k plot. This is thought to be because the sp 2 from the graphitic structure and C-C sp 3 bonds are present in the same degree, regardless of the hydrogen content. Looking at a-C:H-2, when the energy of the ion impact decreases, the sp 2 content from olefenic chains may increase and the sp 2 content from the graphitic structure may decrease.
For a-C:H-1,2 and ta-C:H, the hardness and refractive index are the same in some samples, and the k-value is different. The amount of C-C sp 3 bonds does not change, but the amount of sp 2 bonds changes in these DLC films. The hydrogen content increases, however, this leads to a decrease in the sp 2 content from the graphitic structure. This, in turn, has an effect on the decrease in k-value. This is a result of the reduction in ion impact during the deposition process. It can be inferred that the reduction in ion impact leads to an effect on the hydrogen content, and a decrease in the extinction coefficient (20) . The data for the four kinds of DLC films prepared with the ionized evaporation method also shows the Indentation same tendency. Figure 7 shows correlation between the refractive index at a wavelength of 550 nm and the hardness of the 46 DLC samples, as well as samples 1 to 4. When the refractive index is increased, there is a proportional increase in hardness. This shows that the refractive index is related to the C-C sp 3 bonding structure of the DLC film. Considering classification purposes, it can be seen that different types of DLC fall into different areas in the plot. Using the data, and this plot, the hardness of ta-C, GLC and PLC can be clearly distinguished from other types of DLC. For example, by using spectroscopic ellipsometry, even DLC films with a thickness of less than 50 nm can be evaluated for the n and k values. Up until now, it has been difficult to measure the hardness of the film since it is so thin. Evaluation of DLC film with spectroscopic ellipsometry is non-destructive, and will simplify DLC quality control. The values for the refractive index and the extinction coefficient can be used as a guideline, and the n and k values can be used as a common basis for the classification of the applications of DLC. This simple classification method is very important for industry.
Conclusions
It was found that the structure, the optical properties, and the hardness can be controlled by controlling the substrate voltage with the ionized evaporation method. When the DLC samples produced by different deposition methods were examined, it was found that the hardness and the refractive index are proportional. This shows that the refractive index is related to C-C sp 3 bonding structure of the DLC film, as well as the density (21) . It was also found that the refractive index and extinction coefficient were different depending on the kind of DLC. Indentation hardness is related to these optical parameters. High hardness DLC had a high refractive index and low extinction coefficient, whereas low hardness DLC had a low refractive index and high extinction coefficient. By plotting the refractive index against the extinction coefficient, the resulting graph shows the differences in the types of DLC. The increase in sp 2 content from the graphitic structure can be considered to have a large effect on the increase in extinction coefficient, while the increase in C-C sp 3 content can be considered to affect the increase in refractive index. By looking at these optical properties, it can be inferred that the hydrogen content is the primary factor which influences the changes in DLC structure (22) . The increase and decrease in hydrogen content, and the changes in structure can be correlated to the changes in the refractive index and extinction coefficient, and hardness as well. These correlations show that by using the optical properties, such as the refractive index and extinction coefficient, we can analyze DLC coating to determine its type. This will allow us to determine which coating is appropriate for each industrial situation.
Using spectroscopic ellipsometry to determine the refractive index and extinction coefficient allows us to approximate the structure of DLC coating. This is a simple analysis method which could be useful in quality control and development in industrial applications.
The optical properties are strongly related to DLC structure, so they are also related to hardness and other properties. SE will be a useful standard method for DLC classification.
